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Specific Speed. Ns, the speed in revolutions per minute at which the 

mathematically reduced turbine runner would operate t o  develop one 

horsepower under one foot of head. 

Phi, 9, the ratio of the peripheral velocity of the turbine runner a t  
r D t N  

the throat to the theoretical flow velocity. @ = m r  
g e  

 sigma,^ . the ratio of the net pressure above the vapor pressure a t  

the runner throat to the effective head on the turbine 
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PURPOSE 

The purposes of the studies were to investigate the suit- 
ability of the reaction -type turbine to the unusually high heads a t  
which the full size units will operate, to determine, a s  a basis for 
acceptance, the performance characteristics of the proposed tur - 
bine, and to investigate two energy absorber designs. 

CONCLUSIONS 

1. The model tests show that the Francis-type reaction tur-  
bine proposed by the Pelton Water Wheel Company and using the SF- 
4A runner satisfactorily fulfills the requirements .set forth in Speci- 
fications No. 2996. The SF -4A runner w a s  a modification of the SF- 
4 runner where the outlet ends of the blades were cut back 3/16 inch 
(model) to increase the outlet flow a rea  (Figure 7). 

2. The peak efficiency at  the design Phi of 0.480 was 89. SO 
percent a t  wicket gate opening D (corresponding to 10 degrees) (Figure 
18C). A best efficiency gf 90.00 percent w a s  obtained a t  Phi of 0.495. 

3. The SF-4 runner did not provide the margin of power out- 
put desired by the manufacturer (Figures 7 and 18). The runner w a s  
modified by cutting back the outlet ends ~f the runner blades 3/16 
inch to open the flow passages and increase the power output (Figure 
7). This modified rurner, designated SF-4A, produced the power 
margin desired. 

4. The outlet piping from the model presented too much r e -  
sistance to allow the turbine outlet pressure to be Powered enaugh to 
produce a "break" in the sigma -vs -efficiency curve (Figure 19C). 
However, values of sigma considerably below the design value of 
0.030 yere  obtained and the efficiency remained satisfactory. 



had no noticeable effect upon the turbine performance. 

6. The Pelton energy absorber (pressure regulator) vibrated 
and made a great deal of noise when it was operated (Figures 20, 21, 
and 22). The admission of air, a s  is required by the mamufacturer, 
quiets the conditions appreciably, but a t  the larger valve openings 
the air inlet system seemed to be inadequate (Figure 23). 

7. No definite evidence of -cavitation damage w a s  found in the 
Pelton absorber (Figure 22). 

8. The velocity distribution a t  the outlet of the absorber draft 
tube was poor (Figure 23C). 

9. The three -stage energy absorber vibrated very severely 
and made much more noise than the Pelton absorber (Figures 24 and 
25). A i r  w a s  admitted just below the relief valve (Stage 1) in the 
tests with small  valve openings; but due to the presence of higher 
pressures in this region at large valve openings, the air inlet was 
sealed off. Air admission below Stage 3 under all operating condi- 
tions quieted the vibration and noise to some extent. 

10. Definite evidence of cavitation d;amage was found in the r e -  
gion of Stage 2 (Figure 25). 

11. Changes in the a rea  of the second stage control produced 
changes in the pressure distribution and in the discharge. (Figure 
26A, B, and D). 

1 2 .  The velocity distribution a t  the loutlet of the absorber draft 
tube was fair when no a i r  w a s  admitted a t  Stage 3 but became ex- 
tremely poor with a high-velocity central jet when air was admitted 
(Figure 26C).  

13. A minor change in the seat ring of the relief valve to re -  
move an abrupt change in surface profile (lid not affect the operation 
of the absorber (Figure 28). 
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LNTRO~~UCTION 

Pole Hill and Flatiron Powerplants a r e  par ts  of the Colo- 
rado-Big Thompson Project arid a r e  located on the eastern side of 
the Continental Divide about 1 G and 11 miles southwest of Loveland, 
Colorado (Figure 1). The rated head is about 825 feet at the Pole 
Hill plant and about 1,045 feet  a t  the Flatiron plant. A single turbine 
with a 35,000 kva generator is installed in the Pole Hill plant .' Two 
generally s imi lar  units a r e  installed in the Flatiron plant, and these 
units have a combined peaking capacity of 63,000 kilowatts, the addi- 
tional flow of water for  the peak load being supplied by Rattlesnake 
Reservoir  which forms the forebay t o  the Flatiron plant. 

The 1,045-foot rated head a t  the Flatiron plant is some-  
what above the 900- to 1,000-foot head limit usually accepted for  
Francis  -type reaction turbines. However, i t  was believed that the 
best overall  economy and performance could be obtained in this in- 
stallation by the use of the Francis-type instead of an  impulse wheel 
t1:rbine. Specifications were issued stating the operating conditions 
to prevail  and the performance to be required of a Francis-type tu r -  
bine (Specifications No. 2996). The specifications a lso  stated that 
high head model tests  would be required and that a tes t  report  was 
to be supplied to the Bureau of Reclamation, and that acceptance of 
the design would be based upon the results shown in the model tests.  
The specific speed of the model was to be numerically equal to that 
of the prototype, and the model head was to be a s  nearly equal to 
that of the prototype a s  feasible, but not less  than about 500 feet. 
The test facilitites and water a t  Es tes  Powerplant, where a 550-foot 
shut off head was available, were made available to the contractor . 
without cost (Figures 2 and 3 ) .  The Pelton Water Wheel Company 
was awarded the contract on the basis of its bid and design propos- 

6 
als ,  and the company built a 4.21 scale model turbine. Low head 
tests  were conducted in the manufacturer 's plant and then high head 
tes ts  were conducted a t  Es tes  Powerplant. 

In addition to the turbine tests,  tes ts  were made on a 
4.5 scale model of the contractor 's proposed turbine pressure'-reg- 
ulating valve and energy absorber  and on a 3 -stage energy absorber  
proposed by the Bureau cf Reclamation. The lat ter  was called the 
I I 3-stage energy absorber" because energy dissipation was achieved 
by throttling, followed by sudden expansion a t  three points within the 



related piping, ( ~ i ~ u r e - 4 )  were the property oflthe conir ictor  and 
were shipped by him to Es tes  Park and assembled for  the tests.  A t  
the completion of the program they were disassenlbled and returned 
to San Francisco. Precision test gages, counters, manometers, etc., 
were supplied by the Government. The tests  were made under the 
direction of the contractor through i t s  representative, Mr. Alex 
Sementovsky. The remainder of the 4 to  5 man test crew was sup- * 

plied by the Bureau of Reclamation. A temporary t imber and canvas 
enclosure was provided by the Government t o  shelter the models and 
test  equipment that were located on the open draft tube deck of the u 

powerplant (Figure 5). 

Very brief reports  of the model turbine and the Pelton 
energy absorber  test  resul ts  were prepared and submitted by the con- 
t ractor .  Also, a brief field t r ip  report  was prepared by the partic- 
ipating Bureau personnel (February 18, 1952). Many of the details 
of the test  procedures, the tes t  results,  and the difficulties encount- 
ered in the high head test  were omitted f rom these reports.  In order  
to more  fully discuss the test  program and test  results,  and to  pro- 
vide a better knowledge of the problems and requirements of high 
head testing, this more  extensive report  has been prepared. 

TURBINE TESTS 

Permanent Facili t ies a t  Es tes  Powerplant 

During the construction of Es tes  Powerplant an  outlet 
was provided in the No. 1 penstock. An 18-inch pipeline and valve 
were attached. The pipeline entered the lower level of the power- 
liouse a t  elevation 7476.87 (Figures 2 and 3). The valve was motor- 
driven and could be operated f rom within the valve pit o r  a t  any lo- 
cation to which control lines were extended. The power Lines tothe 
valve motor were energized through a master  switch in the power- 
plant control room. Provisions were a lso  made for opening o r  
closing the valve manually, A 4-inch, manually operated bypass 
was provided around the control gate s o  that the line could b,e filled 
before the 18 -inch valve was opened. A 17.25 - by 8.95 -inch 
Herschel-typejrventuri meter  was attached to the outlet end of the 
18-inch pipeline inside the powerplant. This meter  had previously 
been calibrated by an  eastern university, and this calibration had 
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been verified and extended by the Hydraulic Laboratory in Denver. 

Model Installation 

Temporary 12-inch piping was installed f rom the ven- 
tur i  meter  through an  opening in the powerhouse wall and then up- 
ward t o  the draft  tube deck where the models were located (Figures 
4 and 5). An expanding section increased the pipeline size t~ 16 



long by 16 -3 / 32 -inch diameter horizontal inlet pipe. The inlet pipe 
wias followed by a 26-inch long, 16-3/32- by 12-inch conic reducer 
and then by a 12 - by 1 2  - by 10 -inch wye. Flow entered the turbine 
sc ro l l  case  straight through this wye and flow entered the bypass 
energy absorbers  through the wye branch (Figure 4). A needle 
valve at the entrance to the model energy absorbers  prevented flow 
from entering the absorbers  during turbine operation. 

The model turbine, the turbine shaft, and the water brake 
4 dynamometer (Figures 6 through 16) were supported on a welded 

s t ructura l  s tee l  frame. This f rame was welded to three  heavy I- 
beams which were held to the draft tube deck by tie bolts that passed 

I through holes drilled in the decB. Angle-iron s t raps  were placed 
under the deck beams and over the I-beams, the I-beams were then 
shimmed to grade and the bolts drawn tight. 

F o r  convenience in testing, the turbine shaft was placed 
horizontal. This shaft was carr ied  on ball bearings whose outer 
r a ce s  were carr ied in sleeves that were in turn supported in  other 
ball bearings (Figure 6). The sleeves carrying the outer r aces  of 
the shaft bearings were prevented f rom rotating more than a few de- 
g rees  by an  a r m  that extended through the bearing housing. 3 y  meas-  
uring the force required to prevent rotation in the sleeves, the power 
lost in the bearings was determined. The torque load exerted by the 
7-foot long dynamometer a r m  was measured with a platform scale.  
This sca le  was fitted with a n  auxiliary indicating beam and an  oi l  
dashpot which reduced the beam movement caused by the pulsating 
load f rom the water brake. 

The draft tube discharged horizontally into a 5-1 / 2 -foot 
diameter cylindrical tank. A 16 -inch line carr ied  the discharge f rom 
this tank over the side of the powerplant deck and down into the tail- 
race .  A chain-operated butterfly valve in the line near  the level of 
the tai l race was used to regulate the back pressure  in the cylindrical 
tank. Although not shown in  Figure 4, a gate-controlled standpipe 
was provided on the draft  tube tank, and a.6-inch gate-controlled air 
inlet was provided on the 16 -inch outlet Line near  the powerplant deck 
(Figure 5). A spring-loaded pressure  relief valve was located in 
this air inlet line betveen the 16-inch pipe and the 6-inch valve. 

C 

A magneto-type tachometer gave the approximate instan- 
taneous shaft speed of the turbine and was used to make the speed 
settings. This  tachometer began t o  function errat ical ly during the 

v' latter part of the tests  and it was replaced by a strobotachometer. 
Speed regulation w a s  made by adjusting the load on the dynamometer. 
An accurate count of the revolutions turned by the shaft in a given 
period of t ime was made with a n  electronic counter and a n  electronic ~ interval t imer.  The counter recorded the number of impulses gen- 

1 erated in a pickup coil by four permanent magnets as they were c a r -  
ried past the coil in a disk fastened on the end ~f the turbine shaft. 
The magnets were mounted at 90-degree intervals around the disk, 



tronic interval timer! was connected to  the counter with a double pole 
single-throw switch s o  that the counter and t imer  were star ted and 
stopped simultaneously. The average time to obtain a tes t  poirat was 
20 seconds. 

The ra te  of flow was measured with the calibrated ven- 
turi  meter  and the turbine inlet pressure was measured with a Crosby 
300-psi fluid pressure scale.  The pressure in the draft  tube tank was 
measured with open-water manometers when positive and with a m e r  - 
cury-filled U-tube when negative. A mercury barometer was used 
to  measure the barometric pressure.  

Model Tes t s  

T w o  turbine runners, designated SF-1 and SF-4, were 
tested a t  Es tes  Park. The SF-1 runner was used in low head,tests 
conducted a t  the manufacturer's plant, and only a few tes ts  wkze made 
with it  a t  Es tes  Pa rk  for the purpose of correlating the high headdata 
with the low head data. Good correlation was obtained and tho runner 
was removed from the test r i g  and the SF-4 runner was installed. 

The model was placed in operation by closing the wicket 
gates and opening the air vents in the sc ro l l  case and then openingthe 
4-inch bypass to  f i l l  the lines. After the lines were full, the 18-inch 
valve was opened and the wicket gates were slowly opened to  the de- 
s ired setting. The speed of the turbine was regulated by adjusting 
the quantity of water within the water brake, and the flow through the 
brake was adjusted to  a sufficiently high ra te  to  prevent overheating. 
Runs were made through a n  appropriate range of speeds, a t  wicket 
gate openings of B, C, D, E, F, G, H, and 3. These gate openings 
correspond t o  6, 8, 10, 11, 12, 13, 14 and 16 degrees. The desig- 
nation "I" was omitted to  avoid confusion. 

The efficiency of the SF-4 runner a t  the various wicket 
gate openings fo r  the appropriate range of Phi  (see Symbols and De- 
finitions) is shown in Figure 18A. A peak efficiency of 89.5 percent 
was obtained at Gate D for  Ph i  = 0.504. The design Phi was 0.48, 
a t  which the best efficiency w a s  88.9 percent. The unit horsepower 
versus P h i  for  the various gate openings is shown in Figure 18B. 
In stepping the power output u p  t o  the actual plant operating condi- 
tions and turbine s i ze  it was determined that the turbine met  and 
slightly exceeded the 48,000 horsepower requirement of the speci- 
fications. The turbine manufacturer decided that there  was too 
little margin and changed the runner to  enable it t o  develop more  
power. The modification consisted of increasing the outlet passage 
a r e a s  by cutting back the ends of the runner blades 3/16 inch (Fig- 
ure  7). The modified runner was designated the SF-4A runner. 

I The efficiency and the unit horsepower of the SF-4A runner 
for  various wicket gate openings is shown plotted against Phi  in Fig- 
ure  18C and D. The efficiency increased to a peak of 90 percent.for 



unit horsepower was sufficiently high to i n su rean  adequate margin 
over the required 48,000 horsepower output for  the powerplant in- 
stallation. 

The curve showing the relation of efficiency to the unit 
horsepower, HP1, a t  the design Phi  of 0.48 is shown in Figure 19A, 

* while the relation of efficiency t o  the full s ize  turbine power output 
is shown in Figure 19B. The relation of efficiency t o  sigma, cr , is ~ shown in Figure 19C. The lowest sigma obtained in  the model tes ts  

~* 
was 0.0135. No lower values could be obtained with the outlet pip- 
ing provided because the pressure in the outlet line could not be low- 
ered  further, and thus the point where the efficiency began t o  drop 

I with decreases in sigma (the sigma break point) was not reached. 
This  was not considered a serious shortcoming because the design 
s igma for the plant is 0. 030, and the model t e s t s  were of sufficient 
range to  show that the sigma break occurred a t  sigma values below 
0.0135 to 0. 0238, depending upon the wicket gate opening (Figure 
19C). 

The relation of the unit discharge t o  the throat Phi for  
the various wicket gate openings is shown in Figure 19D. The total 
discharge as plotted against horsepower output is shown in Figure 
19E. 

Tests  were made in which air was admitted into the tur-  
bine draft  tube through the piping shown in Figure 17C. No notice - 
able effect was fcund on the turbine efficiency and the piping was  re- 
moved. All the tes t  data reported above were obtained without air 
admission into the draft tube and with the piping removed Irom the 
tube. 

ENERGY ABSORBER TESTS 

Two very different types of turbine bypass energy ab- 
so rbers  were tested. The f i rs t  was the type the Pelton Water Wheel 
Company has used for  many years  and was proposing for-use  at the 
Flatiron plant (Figures 20, 21, and 22). In this absorber ,  the jet 
f rom the bypass o r  pressure-regulating valve s t r ikes  a baffle which 
deflects the s t ream radially outward into a bowl. The bowl then de- 

w 
flects the water back under the baffle into the center of the passage 
and into the discharge diffuser tube. 

d The second absorber  was i, experimental design pro- 
posed by the Hydraulic Machinery Branch of the Bureau of Recla- 
mation (Figures 24 and 25). It was called the 3 -stage energy ab-  
sorber  because energy dissipation occuri:ed primarily at three 
s tages within the unit. Water entered this absorber  through the tur -  
bine bypass valve, the valve forming the control of the first stage in 
the absorber  (Figure 24). The flow traveled vertically downward 
through-khe inner tube and was then deslected radially outward and 



upward  by the  a b s o r b e r  bo t tom.  The  a n n u l a r  o r i f i c e  c r e a t e d  by the  
end of the i n n e r  tube  and the a b s o r b e r  bo t tom p r o v i d e d  c o n t r o l  fo r  
the second  s t a g e  of e n e r g y  d i s s i p a t i o n .  The  a r e a  of th i s  o r i f i c e  was  
a d j u s t a b l e  f r o m  20 to 50 s q u a r e  i n c h e s  by s h i m s  p l aced  b e t w e e n  the  
c o v e r  and o u t e r  tube .  A f t e r  be ing  t u r n e d  upward ,  the flow p a s s e d  
be tween  the i n n e r  and o u t e r  tubes  and  then  e n t e r e d  the h o r i z o n t a l  d i s -  
c h a r g e  tube .  A f ixed a r e a  o r i f i c e  n e a r  the  e n t r a n c e  of the  d i s c h a r g e  
tube p r o v i d e d  the  c o n t r o l  fo r  the t h i r d  s t a g e  of e n e r g y  d i s s i p a t i o n .  
A h o r i z o n t a l  d i f fu s ing  d i s c h a r g e  tube c o m p l e t e d  the a b s o r b e r .  A i r  
in le t  m a n i f o l d s  w e r e  p r o v i d e d  at  the a b s o r b e r  e n t r a n c e  jus t  d o w n -  
s t r e a m  f r o m  the  in le t  va lve  and i m m e d i a t e l y  d o w n s t r e a m  f r o m  the  
t h i r d - s t a g e  o r i f i c e .  

The  a b s o r b e r s  w e r e  c o n n e c t e d ,  one at  a t i m e ,  to the  
d i s c h a r g e  end of the n e e d l e  valve  w h i c h  r e p r e s e n t e d  the t u r b i n e  p r e s -  
s u r e  r e g u l a t o r ,  o r  r e l i e f  va lve .  Th i s  va lve  was  c o n n e c t e d  by a s h o r t  
10 - inch  d i a m e t e r  p ipe l ine  to the s ide  ou t l e t  of the wye b r a n c h  a t  the  
t u r b i n e  s c r o l l  c a s e  in le t  ( F i g u r e  4). W a t e r  was  p r e v e n t e d  f r o m  p a s s -  
ing t h rough  the  t u r b i n e  d u r i n g  the a b s o r b e r  t e s t s  by a blind f l a n g e  
p l aced  ove r  the  t u r b i n e  ou t le t .  

The  P e l t o n  e n e r g y  a b s o r b e r  r e q u i r e s  the a d m i s s i o n  of 
a i r  j u s t  be low the in l e t  va lve  to m i n i m i z e  c a v i t a t i o n  and c a v i t a t i o n  
d a m a g e .  P r o v i s i o n s  w e r e  m a d e  fo r  s u p p l y i n g  th i s  a i r ,  and the  r a t e  
of f low was  m e a s u r e d  by su i t ab l e  f l a t - p l a t e  o r i f i c e s  m o u n t e d  a t t h e  
in l e t  of a s m a l l  t ank  c o n n e c t e d  'to the  a i r  i n l e t  m a n i f o l d  ( F i g u r e  22A~. 
S i m i l a r l y ,  p r o v i s i o n s  w e r e  m a d e  to s u p p l y  a i r  jus t  below the in !e t  
va lve  in the 3 - s t a g e  a b s o r b e r  and in a m a n i f o l d  ju s t  d o w n s t r e a m  
f r o m  the t h i r d - s t a g e  o r i f i c e  ( F i g u r e  25A).  

T h e  f low f r o m  the a b s o r b e r s  p a s s e d  f r o m  the a b s o r b e r  
d i s c h a r g e  t u b e s  in to  a 2 6 - i n c h  d i a m e t e r  t a i l - w a t e r  t ank  and t hen  
into the d i s c h a r g e  l ine  l e ad ing  to the t a i l r a c e  ( F i g u r e  4). P r e s s u r e  
m e a s u r e m e n t s  w e r e  m a d e  a t  the b y p a s s  v a l v e  in l e t  (Stat ion 1) and  
at  su i t ab l e  s t a t i o n s  in the a b s o r b e r s .  F l o w  m e a s u r e m e n t s  w e r e  
m a d e  with  an  1 8 - i n c h  v e n t u r i  m e t e r .  T h e  v e l o c i t y  d i s t r i b u t i o n  a t  
the exi t  of the  a b s o r b e r  d i s c h a r g e  t u b e s  w a s  d e t e r m i n e d  by i m p a c t -  
tube t r a v e r s e s  a t  the  s t a t i o n  shown  in F i g u r e  4.  A i r  t r a p s  w e r e  
e f f e c t i v e l y  e m p l o y e d  to keep  the gage Lines f r e e  of a i r  and Full  of 
w a t e r .  

P e l t o n  E n e r g y / A b s o r b e r  

In a d d i t i o n  to the  p i e z o m e t e r  r i n g  a t  the in le t  v a l v e  e n -  
t r a n c e ,  p i e z o m e t e r  r i n g s  w e r e  p r o v i d e d  i n  t h e  e lbow of the d i s c h a r g e  
s e c t i o n  j u s t  b e l o w  the  b o w l  and n e a r  the  o u t l e t  of  the  d i s c h a r g e  t u b e  
(Sta t ions  2 a n d  3, F i g u r e s  4 and 21) .  T h e  b a c k  p r e s s u r e  on t h e  s y s -  
t e m ,  a s  c o n t r o l l e d  by the  1 6 - i n c h  b u t t e r f l y  v a l v e  and the 6 - i n c h  a i r  
i n l e t  on the d i s c h a r g e  Line to the t a i l r a c e ,  w a s  m e a s u r e d  in t h e  t u r -  
bine d ra f t  tube  t ank  (Stat ion 4, F i g u r e  21) .  



A g r e a t  d e a l  of no i se  and v i b r a t i o n  w e r e  p r e s e n t  w h e n  
the  a b s o r b e r  w a s  o p e r a t e d ,  the  g r e a t e s t  i n t e n s i t y  of v i b r a t i o n  be ing  
a t  t he  in le t  to  the  d i s c h a r g e  e lbow.  T h e  in l e t  va lve  was  opened  by 
1 / 4 - i n c h  i n c r e m e n t s ,  and da ta  w e r e  t a k e n a t  e a c h p o i n t .  The m a x i -  
m u m  opening  c o n s i d e r e d  sa fe  du r ing  t h e  t e s t s  w a s  2 - 1 / 4  i n c h e s ,  at  
w h i c h  a f low of about  20 cfs  was  o b t a i n e d .  The  r e l a t i o n  of r a t e  of 
flow to va lve  open ing  fo r  the  m o d e l  a b s o r b e r •  when o p e r a t i n g  a t  a 
c o n s t a n t  t o t a l  head  of 500 fee t ,  i s  s h o w n  in  F i g u r e  23E.  T e s t s  w e r e  
m a d e  both w i t h  and wi thout  a i r  a d m i s s i o n .  The  m a n u f a c t u r e r  s t i p -  
u l a t e s  that  a i r  m u s t  be supp l i ed  in  p r o t o t y p e  u n i t s .  The a m o u n t  of 
a i r  a d m i t t e d  to  the  m o d e l  w a s  a d j u s t e d  to  be j u s t  s u f f i c i e n t  t o  q u i e t  
the  c a v i t a t i o n ,  a s  e v i d e n c e d  by the  sound  and vibrat ior~ of the  s y s -  
t e m .  The p i e z o m e t r i c  p r e s s u r e s  a r c  g i v e n i n  F i g u r e  23, A a n d  B• 
and the  a i r  r e q u i r e d  fo r  qu i e t i ng  c a v i t a t i o n  is  g i v e n  in F i g u r e  23C.  
It shou ld  be no ted  tha t  a t  va lve  o p e n i n g s  l a r g e r  t han  3 0 p e r c e n t  of 
the s ea t  d i a m e t e r  (an open ing  of 1 .5  i n c h e s  in t h i s  case} ,  the  a i r  i n -  
let  could  not  supp ly  enough  a i r  to fu l ly  q u i e t  the  c a v i t a t i o n .  D u r i n g  
r e m o v a l  of t h e  a b s o r b e r s  f r o m  the  r i g ,  it w a s  d i s c o v e r e d  tha t  the  
a i r  h o l e s  in  t he  spoo l  be low the  va lve  w e r e  p a r t l y  c o v e r e d  by t h e  
g a s k e t .  L a t e r  t e s t s  m a d e  wi th  t he  g a s k e t  cut  out to  fu l ly  c l e a r  the  
a i r  open ings  showed  the s a m e  a i r  d e f i c i e n c y .  

T h e  v e l o c i t y  d i s t r i b u t i o n  a t  the  ou t l e t  of the  d i s c h a r g e  
tube ,  a s  d e t e r m i n e d  by i m p a c t - t u b e  t r a v e r s e s  and o b s e r v a t i o n ,  is  
s h o w n  in F i g u r e  23D. The  l o c a t i o n  of the  t r a v e r s e s  and the  d i m e n -  
s i o n s  of the  i m p a c t  t u b e s  u sed  ( I m p a c t  Tube  No.  2) a r e  s h o w n  i n  
F i g u r e  27. The  top of the  condu i t  w a s  f i l l ed  wi th  a f o a m y  a i r - w a t e r  
m i x t u r e ,  w h i l e  t h e ' I o w e r  f o u r - f i f t h s  c a r r i e d  the  m a i n  f low o f  w a t e r .  
The  v e l o c i t y  d i s t r i b u t i o n  was  poor ,  w i t h  a r e g i o n  of v e r y  high v e -  
l o c i t y  in the  l o w e r  l e f thand  c o r n e r  a s  v i e w e d  look ing  d o w n s t r e a m .  

A f t e r  the a b s o r b e r  had b e e n  o p e r a t e d  "about 2 h o u r s  u n -  
d e r  v a r i o u s  v a l v e  o p e n i n g s ,  wi th  and wi thou t  a i r ,  i t  was  r e m o v e d  and 
d i s a s s e m b l e d  fo r  i n s p e c t i o n .  Much of the  pa in t  and s o m e  s c a l e  had 
been  r e m o v e d  f r o m  the  baff le  and  bowl  and  a t  the  d i s c h a r g e  tube  e n -  
t r a n c e ,  but t h e r e  was  no e v i d e n c e  of c a v i t a t i o n  d a m a g e  to  the  m e t a l  
( F i g u r e  22). A m u c h  l o n g e r  t e s t  would be r e q u i r e d  to  show c a v i t a t i o n  
d a m a g e ,  ff a n y  d a m a g e  w e r e  to o c c u r .  

l# 

T h r e e - s t a g e  E n e r g y  A b s o r b e r  

T h e  f i r s t  r u n  was  m a d e  w i t h  a i r  a d m i t t e d  be low S tage  1 
and with no a i r  a d m i t t e d  be low Stage 3. So m u c h  n o i s e  and  v i b r a t i o n  
o c c u r r e d  and  t h e r e  w a s  s u c h  v io len t  " b r e a t h i n g "  of the  d i s c h a r g e  tube 
that  i t  was c o n s i d e r e d  u n s a f e  to o p e r a t e  a t  va lve  o p e n i n g s  g r e a t e r  
than  1 -1 /2  i n c h e s .  In l a t e r  t e s t s  when  a i r  w a s  a d m i t t e d  to the t h i r d  
s t a g e ,  the v~tlve open ing  w a s  i n c r e a s e d  to 2 - 1 / 4  i n c h e s .  

T h e  p r e s s u r e  d i s t r i b u t i o n  c u r v e s ,  a s  d e t e r m i n e d  f r o m  
the p i e z o m e t e r  r e a d i n g s ,  show a wide  v a r i a t i o n  in  p r e s s u r e s  d e p e n d -  
ing upon the  c o n t r o l  a r e a  of the  s e c o n d  s t a g e  ( F i g u r e  26A). E x t r e m e  
n e g a t i v e  p r e s s u r e s  o c c u r r e d  in the r e g i o n  of S ta t ion  2 when  the i n l e t  
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v a l v e  was f i r s t  opened ,  and a i r  was  r e q u i r e d  to r e d u c e  the c a v i t a -  
t i on .  At l a r g e r  o p e n i n g s  the  n e g a t i v e  p r e s s u r e  c h a n g e d  to a p o s i -  
t ive  p r e s s u r e .  T h i s  c h a n g e  o c c u r r e d  a t  0 . 6 - i n c h  va lve  open ing  fo r  
the m i n i m u m  s e c o n d - s t a g e  a r e a  of 20 s q u a r e  i n c h e s  and  at  0 . 9 -  
i nch  opening fo r  the  m a x i m u m  s e c o n d - s t a g e  a r e a  of 50 s q u a r e  i n c h e s .  
As the valve w a s  opened  m o r e ,  the p r e s s u r e  b e c a m e  s t r o n g l y  p o s i -  
t ive  and t h e r e  was  d a n g e r  of r u p t u r i n g  the  l i g h t l y  bu i l t  a i r  i n l e t  m a n i -  
fo ld .  It was t h e r e f o r e  n e c e s s a r y  to b lock off the  i n l e t  m a n i f o l d  wi th  
a bl ind f l ange ,  w~ich  p r e v e n t e d  a i r  be ing  a d m i t t e d  be low the f i r s t  

s t a g e .  

The  p r e s s u r e  a t  S ta t ion  4 w a s  n e g a t i v e  at  va lve  o p e n i n g s  
b e t w e e n  0 and  1 [2 inch  and was  p o s i t i v e  at  v a l v e  o p e n i n g s  g r e a t e r  
than  1/2 i nch ,  r e g a r d l e s s  of the  s e c o n d - s t a g e  a r e a .  The m a x i m u m  
n e g a t i v e  p r e s s u r e  m e a s u r e d  was  24 f ee t  of w a t e r .  The  p r e s s u r e  a t  
S ta t ion  5 d e c r e a s e d  wi th  a r e d u c t i o n  of a r e a  in  t he  s e c o n d  s t a g e ,  and 
wi th  an a r e a  of 20 s q u a r e  i n c h e s  the p r e s s u r e  w a s  -20 fee t  fo r  va lve  
open ings  of 1 - ! / 2  to 2 - 1 / 4  i n c h e s .  At S ta t ions  2, 6, and 8 the  p r e s -  
s u r e ~  w e r e  c o n s i s t e n t l y  p o s i t i v e .  T h e  head  l o s s  c u r v e s  show the  
a p p o r t i o n m e n t  of ~he l o s s e s  t h r o u g h  the  r e s p e c t i v e  s t a g e s  ( F i g u r e  
26B).  A r e d u c t i o n  in  t he  s e c o n d - s t a g e  a r e a  f o r  a g iven  d i s c h a r g e  
d e c r e a s e s  t h e  lo s s  f r o m  the  in le t  to the s e c o n d  s t a g e  and i n c r e a s e s  
the  loss  f r o m  the s e c o n d  s t a g e  to the t h i r d  s t a g e .  The  lo s s  f r o m  
the  t h i rd  s t a g e  to the d i s c h a r g e  tube ou t l e t  i s  c o n s t a n t  b e c a u s e  the  
t h i r d - s t a g e  a r e a  r e m a i n e d  f ixed .  The  a m c t m t  tha t  the s e c o n d - s t a g e  
a r e a  a f f ec t s  the d i s c h a r g e  is  shown on F i g u r e  26D. 

The  v e l o c i t y  d i s t r i b u t i o n  a t  the a b s o r b e r  ou t l e t ,  w i thou t  
a i r  being a d m i t t e d  a t  the  t h i r d  s t a g e ,  was  b e t t e r  than  the d i s t r i b u -  
t ion  with the  P e l t o n  a b s o r b e r  wi th  a i r  a d m i s s i o n  ( F i g u r e  26C}. The  
flow d i s t r i b u t i o n  p a t t e r n s  fo r  the two a b s o r b e r s  canno t  be d i r e c t l y  
c o m p a r e d  b e c a u s e  t h e y  w e r e  ob ta ined  fo r  d i f f e r e n t  va lve  open ings  
and  d i s c h a r g e s .  The  3 - s t a g e  a b s o r b e r  was  o p e r a t e d  a t  the  m a x i -  
m u m  valve open ing  c o n s i d e r e d  safe  wi thou t  a i r  a d m i s s i o n  t o  the  
t h i r d  s t age ,  o r  1 - 1 / 4  i n c h e s .  The  P e l t o n  a b s o r b e r  t e s t s ,  w h i c h  
w e r e  c o m p l e t e d  p r i o r  to the  3 - s t a g e  t e s t s ,  w e r e  m a d e  wi th  a va lve  
open ing  of 1 - 1 / 2  i n c h e s  and  wi th  a i r  a d m i s s i o n  into the a b s o r b e r .  • 
When  a i r  w a s  a d m i t t e d  to  the t h i r d  s t a g e  of the  3 - s t a g e  a b s o r b e r  so  
tha t  the v a l v e  cou ld  be s a f e l y  opened  to  1 - 1 / 2  i n c h e s ,  the j e t  f r o m  
the  o r i f i c e  c o n t i n u e d  t h r o u g h  the  d i s c h a r g e  tube  wi thout  a p p r e c i a b l e  
e x p a n s i o n  o r  d i f f u s i o n .  No da ta  w e r e  t a k e n  f o r  th i s  c o n d i t i o n  b e -  
c a u s e  the i n s t r u m e n t a t i o n  w a s  not of s u f f i c i e n t  c a p a c i t y  o r  s t r e n g t h  
to w i th s t and  the h igh  v e l o c i t y  j e t .  

D e f i n i t e  e v i d e n c e  of c a v i t a t i o n  d a m a g e  was  found w h e n  
the  m o d e l  w a s  d i s a s s e m b l e d  a f t e r  about  2 h o u r s  of o p e r a t i o n .  M e t a l  
had been  r e m o v e d  in a n  a n n u l a r  r i n g  on the u ,  s i de  of the o u t e r  s l e e v e  
j u s t  above the  b o t t o m  f l ange ,  and on the  i n n e r  tube  s u p p o r t s  and t h e  
i n n e r  and o u t e r  s l e e v e s  w h e r e  the s u p p o r t s  w e r e  we lded  ( F i g u r e  25) .  
In add i t ion ,  pa in t  w a s  r e m o v e d  f r o m  the i n n e r  pipe and a t  the  e n t r a n c e  
to the t h i r d  s t a g e .  P a i n t  w a s  a l s o  r e m o v e d  f r o m  p o r t i o n s  of the  ou t s i de  
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of t h e  i n n e r  t u b e .  T h e  p a i n t  r e m o v a l  w a s  no t  c o n s i d e r e d  c o n c l u s i v e  e v i -  
d e n c e  of  c a v i t a t i o n  e r o s i o n  in  t h e s e  r e g i o n s ,  b u t  i t  s u g g e s t s  t h a t  s u c h  e r o -  
s i o n  m i g h t  o c c u r .  

In g e n e r a l ,  t h e  3 - s t a g e  a b s o r b e r  w a s  n o i s i e r  a n d  v i b r a t e d  
w i t h  g r e a t e r  i n t e n s i t y  t h a n  t h e  P e l t o n  a b s o r b e r .  W h e n  a i r  w a s  a d m i t t e d  
a t  t h e  t h i r d  s t a g e ,  t h e r e  s e e m e d  to be  a s m a l l  d e c r e a s e  in  t h e  v i o l e n c e  
of  t h e s e  c o n d i t i o n s ,  bu t  t h e r e  w a s  l i t t l e  o r  no  d i s s i p a t i o n  of  e n e r g y  w i t h -  
in  t h e  t h i r d  s t a g e  of  t h e  a b s o r b e r .  

C O M M E N T S  

A n u m b e r  of  d i f f i c u l t i e s  w e r e  e n c o u n t e r e d  d u r i n g  t h e  t e s t  
p r o g r a m  a n d  a r e  e n u m e r a t e d  h e r e  t o  s e r v e  a s  a g u i d e  in  f u t u r e  h i g h  h e a d  
t e s t i n g .  

A t  f i r s t  t h e  1 8 - i n c h  m o t o r - o p e r a t e d  v a l v e  in  t h e  s u p p l y  
l i n e  c o u l d  n o t  be  o p e r a t e d  b e c a u s e ,  d u e  t o  i m p r o p e r  t a g g i n g  in  t h e  c o n -  
t r o l  r o o m ,  t h e  e l e c t r i c a l  l i n e s  c o u l d  n o t  be  e n e r g i z e d .  T h i s  w a s  r e -  
m e d i e d  by  t h e  p l a n t  e l e c t r i c i a n  a f t e r  he  t r a c e d  t h e  w i r e s  f r o m  t h e  p u m p  
pi t  t o  t h e  c o n t r o l  r o o m .  T h e  v a l v e  a l s o  g a v e  t r o u b l e  i n  t h a t  i s  c o u l d  n o t  
be c l o s e d  u n d e r  a h i g h  d i f f e r e n t i a l  h e a d .  It w a s  n e c e s s a r y  to  m a k e  a l l  
c l o s u r e s  by  s h u t t i n g  t h e  f l o w  of f  a s  m u c h  a s  p o s s i b l e  a t  t h e  m o d e l s  a n d  
t h e n  c l o s i n g  t h e  1 8 - i n c h  v a l v e ,  w h i l e  t h e  4 i n c h  b y p a s s  r e m a i n e d  o p e n .  
A f t e r  t h e  1 8 - i n c h  v a l v e  w a s  c l o s e d ,  t h e  b y p a s s  w a s  c l o s e d .  T h i s  m a l -  
f u n c t i o n i n g  of  t h e  18 - inch"  v a l v e  w a s  c o r r e c t e d  a f t e r  i t  w a s  p o i n t e d  ou t  
in  t h e  f i e l d  t r i p  r e p o r t  d a t e d  F e b r u a r y  18, 1952 .  

E n t r y  i n t o  t h e  v a l v e  p i t  w a s  d i f f i c u l t  a n d  h a z a r d o u s  b e -  
c a u s e  of  i n a d e q u a t e  h a n d h o l d s  a n d  t h e  f a c t  t h a t  t h e  o p e n  c o v e r  had  to be  
g r a s p e d  in  o r d e r  to  r e a c h  t h e  l a d d e r  r u n g s  ( F i g u r e  29A) .  T h i s  d i f f i c u l t y  
h a s  l a r g e l y  b e e n  e l i m i n a t e d  by  t h e  a d d i t i o n  of  m o r e  h a n d h o l d s .  

S h u t - o f f  v a l v e s  w e r e  u s e d  in  t h e  h i g h - p r e s s u r e  g a g e  l i n e s  
to  f a c i l i t a t e  b l e e d i n g  t h e  i n s t r u m e n t s  a n d  t o  m a k e  i t  p o s s i b l e  t o  r e m o v e  
g a g e  l i n e s  w h e r e  n e c e s s a r y .  U n f o r t u n a t e l y ,  t h e  v a l v e s  u s e d  d id  n o t  
c o m e  to a s t o p  w h e n  f u l l y  o p e n e d ,  a s  i s  u s u a l l y  t h e  c a s e .  A s  a r e s u l t ,  
on  s e v e r a l  o c c a s i o n s  e a r l y  in  t h e  t e s t  p r o g r a m ,  t h e  v a l v e s  w e r e  b a c k e d  
ou t  s o  f a r  t h a t  t h e  s t e m s  w e r e  b l o w n  f r o m  t h e  b o d y  a n d  w a t e r  a t  a 2 5 0 -  
p o u n d  p r e s s u r e  s q u i r t e d  o v e r  t h e  p e r s o n n e l  a n d  t e s t  a p p a r a t u s ,  A f t e r  
t h e s e  d a n g e r o u s  a n d  u n p l e a s a n t  e x p e r i e n c e s ,  c o n s i d e r a b l e  c a r e  w a s  
t a k e n  to  a v o i d  o p e n i n g  t h e  v a l v e s  t o o  f a r .  

T h e  v e l o c i t y  t r a v e r s e s  m a d e  a t  t h e  e x i t s  o f  t h e  e n e r g y  a b -  
s o r b e r  d r a f t  t u b e s  w e r e  not .  a n t i c i p a t e d  w h e n  t h e  t e s t  p r o g r a m  w a s  
p l a n n e d ,  bu t  w e r e  a l a s t  m i h t / t e  ~]ee£s ion .  A s  a r e s u l t ,  a n d  d u e  to  t h e  
l i m i t e d  t i m e  t h e n  a v a i l a b l e ,  i n a d e q u a t e  p r e p a r a t i o n s  w e r e  m a d e .  A 
s t a n d a r d  l a b o r a t o r y  P i t o t - s t a t i c  t u b e  w a s  u s e d  in  t h e  f i r s t  t e s t  ( F i g -  
u r e  27 ) .  I t  w a s  d a m a g e d  a l m o s t  i m m e d i a t e l y  in  t h e  h i g h  v e l o c i t y  f l o w .  
It w a s  r e p l a c e d  w i t h  a c y l i n d r i c a l  P i t o t - s t a t i c  t u b e  m a d e  of  1 / 2 - i n c h  
g a l v a n i z e d  p i p e  a n d  s u p p o r t e d  in  a c a n t i l e v e r  a r r a n g e m e n t  b y  a b o s s  a t  
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the lef t  s ide  of the  condu i t  ( Impac t  Tube  No.  I ,  F i g u r e  27). Th i s  tube  
was  bent  b a c k w a r d s  a t  a 3 0 - d e g r e e  a n g l e  by the  f low.  The  t r a v e r s e s  
w e r e  f i na l l y  m a d e  by us ing  c y l i n d r i c a l - P i t o t - s t a t i c  t u b e s  that  e x t e n d e d  
t h r o u g h  the p a s s a g e  and w e r e  s u p p o r t e d  in b o s s e s  on e a c h  s i de  of the 
condui t  ( Impac t  Tube  No. 2, F i g u r e  27). Both  to t a l  head  and  p i e z o m e t r i c  
head w e r e  m e a s u r e d  with  t h e s e  t ubes ,  the  tubes  be ing  r o t a t e d  in the 
s t r e a m  to b a l a n c e  the two s t a t i c  p r e s s u r e  r e a d i n g s ,  t h e r e b y  c a u s i n g  
the to t a l  head  open ing  to f ace  s q u a r e l y  in to  the  s t r e a m .  The  t h r e e  No. 
2 t ubes  w e r e  a l l  in p l a c e  d u r i n g  the  r u n s  and the  gage  l i n e s  w e r e  kept  
f r e e  of a i r  by a i r  t r a p s  ( F i g u r e  27). 

The  a m o u n t  of e n e r g y  r e l e a s e d  into  the d r a f t  tube of the 
3 - s t a g e  e n e r g y  a b s o r b e r  was  so g r e a t  tha t  the d ra f t  tube  " b r e a t h e d "  
v i o l e n t l y  and began  to f a i l  by sp l i t t i ng  at  the we lded  s e a m s .  It w a s  
n e c e s s a r y  to r e p a i r  t h e s e  b r e a k s  and to r e i n f o r c e  the d r a f t  tube  wi th  
bands  of c h a n n e l  i r o n  b e f o r e  the t e s t i n g  could  c o n t i n u e .  

C o n s i d e r a b l e  p r e s s u r e  was  bui l t  up in the r e g i o n  of the 
Stage 1 a i r  m a n i f o l d  of the 3 - s t a g e  a b s o r b e r  when  the va lve  open ing  
r e a c h e d  1 - 1 / 4  i n c h e s .  Th i s  m a n i f o l d  was  l i gh t ly  bui l t  and not  ca- 
pable  of w i t h s t a n d i n g  h e a v y  i n t e r n a l  p r e s s u r e s ,  and it was  n e c e s s a r y  
to s e a l  it off by a s h e e t  m e t a l  r i n g  so  tha t  t e s t s  could be m a d e  at  
l a r g e r  va lve  o p e n i n g s .  

The  S F - 4  t u r b i n e  r u n n e r  was  r e c e i v e d  d i r e c t l y  f r o m  the  
m a n u f a c t u r e r ' s  shops ,  and it had not been  p r e v i o u s l y  a s s e m b l e d  on 
the t u r b i n e  sha f t .  When  a s s e m b l y  was  a t t e m p t e d ,  it was  found tha t  
the bo re  was  t a p e r e d  and o v e r s i z e  and tha t  the  s e a l  r i n g s  w e r e  e c -  
c e n t r i c .  It was  n e c e s s a r y  to r e b u i l d  the b o r e  and the s e a l  r i n g s  in 
the l a b o r a t o r y  shops  in D e n v e r  by bu i ld ing  up the s e c t i o n s  wi th  
m e t a l  s p r a y  and then  r e m a c h i n i n g  to the  prop~.r d i m e n s i o n s .  

The  I / 2 - i n c h - t h i c k  t r a n s p a r e n t  p l a s t i c  s p o o l  used  by 
the m a n u f a c t u r e r  in the  low head  t es t  to  c o n n e c t  the  t u r b i n e  out le t  
to the  d r a f t  tube w a s  u sed  f o r  t h e  p r e l i m i n a r y  t e s t s  at  E s t e s  P o w e r -  
plant  ( F i g u r e  17C). The  s e c t i o n  r u p t u r e d  a f t e r  only  a few m i n u t e s  
of t e s t i n g ,  and t e s t s  w e r e  d i s c o n t i n u e d  un t i l  the m e t a l  spoo l  that  
had been  sh ipped  by the  m a n u f a c t u r e r  a r r i v e d  a t  E s t e s  P a r k .  Upon 
r e c e i v i n g  the  spool ,  it was  found that  no h o l e s  had b e e n  d r i l l e d  in 
the spoo l  f l a n g e s ,  and it w a s  t h e r e f o r e  n e c e s s a r y  to l a y  out a n d  d r i l l  
bolt  h o l e s  at  the  p r o p e r  r a d i u s  and s p a c i n g s  to m a t c h  the  t u r b i n e  c a s e  
and the  d r a f t  tube  i n l e t .  

D u r i n g  the  t u r b i n e  t e s t s ,  d i f f i c u l t y  was  e x p e r i e n c e d  in  
s e t t i ng  the  l o w e r  s p e e d  poin ts  a t  l a r g e  w i c k e t  ga te  open ings  b e c a u s e  
the  w a t e r  b r a k e  d y n a m o m e t e r  w a s  b a r e l y  ab le  to h a n d l e  t h e s e  h i g h -  
t o r q u e  l o a d s .  A d y n a m o m e t e r  wi th  g r e a t e r  c a p a c i t y  would  have  
g r e a t l y  f a c i l i t a t e d  th i s  p a r t  of the  t e s t  p r o g r a m .  

The  e l e c t r o n i c  t i m e r  and c o u n t e r  had to be m o v e d  i n s i d e  
the p o w e r p l a n t  d u r i n g  the  l a t t e r  p a r t  of the t e s t  p r o g r a m  b e c a u s e  
t h e i r  p e r f o r m a n c e  b e c a m e  e r r a t i c  in the  co ld ,  wet  a t m o s p h e r e  on 
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the p o w e r p l a n t  d e c k .  T h i s  c o n s i d e r a b l y  i n c r e a s e d  the d i f f i cu l t y  of 
c o o r d i n a t i n g  the  tak ing  of da t a  when  the t e s t  po in t s  w e r e  s e t .  The  
n e c e s s a r y  c o o r d i n a t i o n  was  f i na l l y  ob ta ined  by i n s t a l l i n g  a s e t  of 
f ie ld  t e l e p h o n e s .  

The  16 - inch  b u t t e r f l y  va lve  l oca t ed  in the d i s c h a r g e  l ine  
a few fee t  above  the t a i l r a c e  ~..~used m o r e  t r o u b l e  and d e l a y  in the 
t e s t  p r o g r a m  than any  o t h e r  i t e m .  The  loads  tha t  w e r e  i m p o s e d  
upon th i s  va lve  w e r e  g r e a t l y  u n d e r e s t i m a t e d ,  and ,  as  a r e s u l t ,  a 
r e l a t i v e l y  l i gh twe igh t  va lve  w a s  i n s t a l l e d .  A l m o s t  e v e r y  c o n c e i v -  
ab le  type  of f a i l u r e  o c c u r r e d  on the v a l v e .  A f t e r  the shaf t  b r o k e ,  
it was  r e p l a c e d  wi th  a new shaf t  of h i g h e r  qua l i t y  s t e e l .  When  the 
c a s t  i r o n  va lve  l ea f  b r o k e  a new lea f  was  m a d e  of 1 / 2 - i n c h  b o i l e r  
p l a t e  and a m u c h  h e a v i e r  shaf t  was  i n s t a l l e d .  Th i s  w a s  fo l lowed  by 
r e p e a t e d  s h e a r i n g  of the pin w h i c h  he ld  the w o r m  g e a r  to the  sha f t .  
When  h e a v i e r  p ins  w e r e  i n s t a l l e d ,  the t e e t h  of the  c a s t  i r o n  w o r m  
g e a r  f a i l e d .  Th i s  g e a r  was  r e p l a c e d  wi th  a s t e e l  one w h i c h  l a s t e d  
j u s t  long enough  so that  the t e s t s  could  be c o m p l e t e d .  E a c h  t i m e  
r e p a i r s  w e r e  r e q u i r e d ,  it was  n e c e s s a r y  to row a b o a t  in to  the  t a i l -  
r a c e ,  r e m o v e  the va lve  whi l e  w o r k i n g  f r o m  th i s  boat ,  and  r o w  back  
down to the  dock  ( F i g u r e  29B).  The  va lve  was  then  t r a n s p o r t e d  to 
the m a c h i n e  shop  of the p o w e r p l a n t ,  w h e r e  r e p a i r s  w e r e  m a d e .  To  
r e i n s t a l l  the  va lve ,  it was  n e c e s s a r y  to r e p e a t  t h e  boat  t r i p .  T h i s  
c o n s u m e d  a g r e a t  d e a l  of t i m e  and e n t a i l e d  c o n s i d e r a b l e  r i s k  to 
the m e n  w o r k i n g  f r o m  the  boat  in the p o w e r p l a n t  t a i l r a c e .  

It was ant ic ipated that the test ing would be done dur ing  
the summer ,  and i f  so, there would have been no p a r t i c u l a r  t roub le  
f r o m  the weather .  As i t  turned out, the test ing w a s  not s tar ted 
unt i l  late in September and was not completed unt i l  the 9th of Novem- 
ber .  Dur ing  this t ime there were severa l  snow s to rms ,  cons iderab le  
f r e e z i n g  w e a t h e r ,  and a p e r i o d  of s u b z e r o  t e m p e r a t u r e s .  To  p r o -  
t ec t  the p ip ing  and the  h y d r a u l i c  e q u i p m e r ~ ,  it was  n e c e s s a r y  to d r a i n  
t h e m  at  the  end of e a c h  day .  The  add i t i on  of e l e c t r i c  h e a t e r s  in the 
t e m p o r a r y  c a n v a s  e n c l o s u r e  a r o u n d  the t e s t  e q u i p m e n t  did~ not  p r e -  
ven t  f r e e z i n g  of the gage  l i ne s  d u r i n g  o p e r a t i o n  m the c o l d e s t  w e a t h e r .  
D u r i n g  those  t i m e s  when  a l l  r e a s o n a b l e  a t t e m p t s  f a i l ed  to k e e p  the 
gage  l i n e s  open ,  the t e s t i n g  was  d i s c o n t i n u e d  and was  not  r e s u m e d  
unt i l  the w e a t h e r  m o d e r a t e d .  Al l  of t h e s e  d i f f i c u l t i e s  added  c o n s i d e r -  
a b l y  to the  t i m e  r e q u i r e d  fo r  c o m p l e t i n g  the t e s t s  and to the cos t  of 
the p r o g r a m .  Any f u t u r e  o u t d o o r  t e s t s  at  the  E s t e s  P o w e r p l a n t  
shou ld  be c o n d u c t e d  not  l a t e r  than  the end of S e p t e m b e r .  

L ~ t e r ; n r  - R e c i a m a t t o n  - D e n ~ e r ,  Colo, 
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tho, ~ ", . . . . . . .  \ ~ -  
. . . .  SuOgrode [ "'A" Compacted Imse course Slope not ~ e e ~ -  

T Y P I C A L  R O A D  S E C T I O N  
(ACCESS ROAD-H IGHWAY TO PARK/NO A~LEA) 

. . . . . . . . . . . . . . . . .  t a - o ' -  . . . . . . . . . . . . . . . . . . . . . . . . .  
_ . ~ ( t - - . ~ ' ~ -  >&~i-o'~, . . . . . . .  - g . o ' -  . . . . . .  - ~  . . . . .  .8"-0"- . . . . . . . .  ~ < ~  [ - S ~ p e  n o t  ~ e e p e r  

' - - -  p i t  . . . . . . .  L . .  ', , ~ ; . . . . ~  ; 
' ~ . ~  ' ; ~i~l,' " ' ~ ' ~ , , ~  
-, 5~¢~e to ~lr-~7~, " ~ ' ~  e~tummous ,' I --4" Comoocted bose course ' - ~ , r l ~  

rn~t r r lo l  surFoce course.-"  - -  

Poin t  tO prevent,  bond. ,  T Y P I C A L  R O A D  S E C T I O N  
Ghomfer  l " - , : - - - .  . '  (SWITCHYARD ACCESS ROADI 

,. , l~'All~-- , '~'o'- . !  . . . . . . . . .  ; . . . . .  ~ o ' . o ' .  . . . . . . . . . .  ~ . . - ~  ofpork;ng a r e a  ~ o o j  
~ ~ [ ~ . '  %. - ?  ' , . .-S!opet'm l e"  , s y m m e t r i c a l  about ~ - - ' ~  
% ~ i ! . ~ L ~ - ~  - -  7~} . . . .  : . L . ,  . S l o ~ ,  ~"~, ,~" 

~'~'--~-~3~Mi~iP~'~. i i ~  - ' ; ~ ' ,  ~' , ~ ' C - - - - £ " e i t u m l n o u s  c o u r s e  

;.. i ,'Co. aa,e  bose .urse3 , ire 
. n~n'~t'o°~c-~men t :  R E F E R E N C E  D R A W I N G S  

S E C T I O N  A - A  
WATER SUPPLY L INE-  . . . . . . . . . . . . . . . . . . . . . . . . . . .  Z4S-P*~gT 

I 
I ,~-'AcP-..~S rood to 

J F j picnicoreD (Future) 

I 

t o 

7 

'~o.. lene ' ~ ' ' -  _ _ ~ u : O ' D e ~ l e m h o ,  ~ /qn! 
t t l~t lWA w . ~ eo.zrt.9_'~, . . . . . . . . . . .  

t 
o ;  

DRAINAO~ S I~TEM : PLAN ANC PROPILES_U . . . . . . .  ~4S -P -5~J  
TRANSFORMER AREA DETAILS  . . . . . . . . . . . . . .  24S -P  594  
M iSGEU.ANEOUS STRUCTURES ANO DETAILS-  . . . . . .  ~4~ -P -dJS5  

ACCESS ROAO AND PARKING AREA . . . . . . . . .  . . ~Ad- l -P -599  
SEWAGE OISPOSAL SYSTEM . . . . . . . . . . . . . . . .  245"P 'S~  
SWITCHYARD ~NERAL PLAN . . . . . . . . . . . . . . . .  Z45 -0"4129  
SWITCHYARD FENCE PLAN . . . . . . . . . . . . . . . .  . 245 -SP- .~18  
L IGHT ING IHSTALLAT ION . . . . .  - -  . . . . . . . . . . .  t 45 -SP . i 399  
ELECTRICAL  UNDERGROUND DIST,  SYSTEM . . . . . .  1~45 -P -591  

N t6  I;,O0_....-- 

_-- . . - " -  . . . .  o~  RIOHT -OF-WAY 

. - - . . /  

.Oq 

7 

I 
r - - J  

UNI r~cG STARES 

• DEPARTMENT"  OF THE  INT£R~OP 
i l lUR£AU OF RECLAl i iA r ro l l l  

COLORADO "B IG  TMIOI IAPSON PROJECT - -  COLa  

E S T E S  P O W E R  P L A N T  

G E N E R A L  P L A N  A N D  S E C T I O N S  
_4¢.----- J ' ~  

4 m ~ 



R E P O R T  H Y D /  

,~ Penstock No I See Owg 245-D-2538 

t . . . . . .  E 18" Nozzle 

[ /  . - . .  "/.t.~/j, :;4. 
~ .  / " ' - - - . .  / "  

- . . . . . ~  --., ~;-.~.. "---. 

-ic 

• .~ 21" IO' 51"" ,e 

18°Motor 
; =. ted kl ,  ~. gate v o l v e , ~ i }  
- 300~cost 

steel. - - ~ 

.a'-3OO~C~st e ~ . .  
steel valve ] @ 

, R) 

... .[:...:... 
"~!8"90" Standard weight, long 

~mus weMmg elbow 

leng: ~ 
/J  ~ /  / 

r 

/ e L ,  Co,.~.ed be.d e ~ 
j ,  

. . - - -~18"-45 ° Standard weight 
. . . . . . .  8;10~". . . . . .  > .':' long radius, welding elbow 

_ ~ - . ~  . . . . . . .  ; , ' / ' ~ j .  ; cut for ??" 58" 26" bend 

,oo ,o,o, ,,ang, 

"'" --JII--V'"A-'/- F~/'I ~:: . . . .  ,e" S t = d o , ~  .e~h, Io~ Soinl 
,,~___~v, ~ [;~ welding nipple 

.~Ma~e uppiecP,,' ','M ~ : / ,~t 
18"0.0 p t p e , ;  _l~P l;l~f'_: '~-~" ~. /  .,~..,.~ 

Iding neck" 
nge. 18"-300 ~ 510ndord weldmq peck flange 

"'1"0" ~ "  
.--El 74 75.~0 

,, ," y S u m p  1 8 "  P i P E  B E N D  
~/F ~ . ' /  STEEL - ONE REO'D 

/ 

,.Pit cover. See Owg No ~45"D'2661 
~ - ~ _  ',, fat detail 

-.'%'.. \ ' , ' ~ - - , ~  , .  

. . . . . .  VMve Dtt, ~ Owg No t45"O-t660 
for detml 

~ ..IZz" Valve p i t  drain 

'~ . . . . . . . . . .  r .o" - . . . . . . . . . . . .  q 

2"5 td  pipe . . /  
thread . . . . . .  

I 

. . . . . . .  2" Std. p ipe 

@ 
2 "  A D A P T E R  
ONE REQ'D'STEEL 

I 

~. ~ ' . - . 2 2 2 2 2 2 2 ~ - ~  ~ . . . . . . . . .  4 j ~==~ j~_ . , :  ~ 
~..,,',.~/ ,'i h ' . : : : /  : 
(12~ Lit) I '  ' t ' !  * 

~" Oro ln-J  *" ' -' , ,  : ~ . -  
. . . . : 1  

, : ! . "  r 

, : , . . , ~  : " . . ~ -  . . .  ~ ' : , ~ .  , , . . ' , -  ; . . :  ' 

\ 

~ " "  ~" Pine for i~essu, e eegulotor controls @ 
. . . . . . . . . . . . . . . . . . . . . . . . .  "~ Z4'-- I~" .............................................................. " . . . . . . . . . . . . .  , , . y ,1 

,.,AN ® . . _ i l l  

. . . .  - L q /  
I~\ ', F~ I : ! ' | . ~ . . . , ~ . . t . _  " ' S E C T I O N  B - B  

t J::i:! 

S E C T I O N  C ' C  

~. Units . . . .  ) 

i . . . . . . . . . . . . . .  IZ ',8" " . . . . . . . . . .  
I ~---------7~ 

..6"Dram fo sump Dwg.245-D.38U 

• ' / - ' 2 " :  

, , , ,  [ Umt No I 

i ; 

i • 

1 

~, : 
l 

. . . .  ~ , ,~ . ,  ~ - ,_ , : , . ,~  

• ! , , : '3,  , ' -# '  ; 

I 

k _ ,  } 

t 

1 ...p-- . . . . . . . .  9 ' - o ' .  . . . . . . .  T 

• :..o:'. . • ,::.. r? : " .0  ~ 

.,.Drill ~ .  ~J'ho/es 

Diameters; 
O.D ze" 

_ ~ I.D. 17,Z50" 
Bolt circle 24.750" 
Rais~c/ face t l" 

S E C T I O N  A - A  

I 

, .Zll,~a~n~ ~ ', f o r f i e ld jo i~  , ( ~  t ~  l , = v ~;. "-.'~:L:"-;'t 3. 
• ', ", .vC!" 

- ~ - - - - T - - - - - 1 T s J ~  ~-E1.7475,50 G ~ "  ,.¢,,.,,,,,,o 0 Z ~  0 , . I 2 t 7  : ] " :  " ~ [ k ~ ;  "P - -L  
- - 1  , ' - - T - - - - ' - - [ - ~ ; m - I K  - - "  , ~ ~,,~e,~-, - ~ , ~ . ;  :..p, '.~1~ ~ - . ,  . .~ , ,=. ,  

, ' ~ . * . " - . ' - x "  . . . . .  : . . . .  - ' " 7 " ~ ,  " - " 

~ I!11 ( - ~ t ~ , = r z . ~  ~ ,, : ;..m..~OO#Stand~ ~ . | 
I ~.._ : ~.r~.J'-6"~, weld ~g neck flange 
]- - ac -o  . . . . . . . . . . .  -~  . . . . . . . . . . . . . . . . . . . . . .  ~ . , r -  o:.:J, 

E L E V A T I O N  4 " D r o i ~  ' 

L I S T  o f  P A R T S  

N O ,  

I . le'P~pe bend Steel 
. s ~ L  . . . . . . . . . . . . .  
Steel 

-Steel 

_, z ...... le'Pipe bend_ _ 
3 to'Pipe bend 
4 ~e'.-3ooe Blind flon~e 

I~r'~ o f  Square head machine bolt wHh 
6 hex. nut 

Steel 

7 J£'StandoFd pipe, threaded and coupled, Steel, galvanized 

.o.] 
PtEQ~gX 

I 
2 

72 

57;0" 
mndoa; lengths 

Std= .e  elbo* Molleab  , 
- - ) ~ - ~ ; : ~ c r e . e d  e ~ o .  Malleable iron~qalv.-- 

~ ' 7 ~ ; . - ] ~ r e w e d  female anion, I! " - -  . . . .  i " MalleaNe iron, golv. 4 
~ _ _ .  c/round jo int ,  brcss to iron seats 

12 1~" Sfondard pipe, threaded and ' Slee t  91"o" 
coupled, madam lenqms _ 

/3 /~'-90=-150# 5 i d  screwed dbow Mo/leob/e iron,~a/v, z 
/4 ~ £ e w e d  redu_c_e.r . Malleable iron, qa/v. I 

- I-'T~'-- I/~'150 = 5td. pipe cap-~ " Malleable iron, qalv. I 

1~-150estd.screwed female un,on, . Malleable iron, qa;~ I 
16 __~roundjainf ,  bro~s ?o iron seats 
n 2 "Adop te r ' see  deta i l  5tee/  " / 

/~90" - tSO"  Std screwed elbow h.__~all_eoble ~n,q~lv.  

Forts NoMtol7 incl. were procured under invitation No. F46 , / 85 "~  
Fort No/e is to be furnished by the project. 
Make-up piece furnished under i nv i ta t i on  No SP.3OE5 
18"Motor  opera ted  gate valve and Oy-oass furnished upder  inv i tat ion 

No G-qe,396-a 

N O T E  
Porf~ .L, .~, and ;#. ore to be mode tram z8" O.D 

pipe with ~" wall. 

R E F E R E N C E  D R A W I N G S  
;~S'PENSTOGK,.R ................................... 2 4 5 " D ' 2 ~ S a  
VALVE PIT ................................................ i :4S-O.~seo 
VALVE .pIT GOVER AND LADDER RUNGS . . . . . .  z 4 e - D  °J~e/  

h .  

N~ 

I~, I~ I? 

UNtr£O STATES 
U~PAnT~ENr OF" !rPl~ INT~RIOM 

BURE'AU OF R~LAM~TION 
GOLORAOO'BIG THOMPSON PROJECT--COLO. 

[ S T E S  P O W E R  P L A N T  

I ~  H I G H - H E A D  I . A B O R A T O R Y  O U T L E T  
P L A N  AND E L E V A T I O N  

• 2 :.. 
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R e p o r t  Hyd.  348 

A. Turbine test arrangement. Water 
Brake dynamometer at left rear, 
penstock in foreground, and draft 
tube at right. Spool from turbine 
to draft tube not installed. 

B. Wicke t  ga t e  a s s e m b l y ,  
r u n n e r  r e m o v e d .  

C.  Wicke t  ga t e  a s s e m b l y  wi th  
r u n n e r  and s p o o l  to  d r a f t  
tube i n s t a l l e d .  T h i s  spoo l  
was  r e p l a c e d  by a s t e e l  spoo l  
when the 1 / 2 - i n c h  th i ck  p l a s t i c  
s h a t t e r e d .  P i p e  f o r  a d m i t t i n g  
a i r  into d r a f t  t ube  is shown.  

D. S F - I  t u r b i n e  r u n n e r  

HIGH HEAD TESTS  - F L A T I R O N  M O D E L  T U R B I N E  
AND E N E R G Y  A B S O R B E R  

Model  T u r b i n e  
1:4 .21 s c a l e  m o d e l  
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C - E F F I C I E N C Y  C U Y I V E S - M O 0  I F I E O  SF -4  R U N N ER  O -U N I T  H O R SEPO WER  C U R VES-M O O I F I EO  

H i G H  H F .  A D  T E S TS-  FL AT I R O N  M O D EL  TU R S l N E  AN D  EN ER G Y ABSO R BER  

PERFORMANCE GURVES OF SF-4 AND SF-4A RUNNERS 

SF -4  R U N N E R  
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FIGURE 22 
Repor t  H~vd. 348 

B. Flow s p r e a d e r  looking downst ream.  

A. Pe l ton  energy  abso rbe r  
instaUed for  tes t ing.  

C. Bowl and flow s p r e a d e r  
Ic~0king ups t r eam.  

E. Discharge  tube Iooklng 
d ownst ream.  

D. Bowl l®k lng  ups t r eam.  

HIGH HEAD TESTS - FLATIRON MODEL TURBINE 
AND ENERGY ABSORBER 

• Pel ton Energy  A b s o r b e r ( P r e s s u r e  Regulator)  
1:4. § sca le  model  
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RIrPORT HYO, 348 
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FIGURE 25 
Report  Hyd. 348 

B. Inlet of ab so rbe r  looking downst ream.  

A. T h r e e - s t a g e  energy  
abso rbe r  insta l led 
for  test ing.  

C. Stage 2 of ab so rbe r  with 
bottom cover  removed.  

E. Outlet of m a l l  ab so rbe r  
at  point where  or i f ice  for  
s tage 3 is a t tached.  Stage 
2 is st  bottom of photo. 

D. Closeup  of s tage 2 region 
showing cavi tat ion damage.  

HIGH HEAD TESTS - FLATIRON MODEL 
TURBINE AND ENERGY ABSORBER 

T h r e e - s t a g e  E n e r g y  Absorber  
i : 4 .5  sca le  model  
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FIGURE 29 
Report Hyd. 348 

A. Unhandy entrance to valve pit. 

B .  RepairS:butterf ly  valve from r o w b o a t .  

HIGHHEAD TESTS '; FLATIRON MODEL, TURBINE 
AND ENERGY ABSORBER 

Valve  Pit  Entrance, and Butterfly Valve  Repairs 


